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Abstract Endoplasmic reticulum (ER) stress and conse-  UPRE UPR element
quent unfolded protein response (UPR) are involved in a ~ GRP78 78 kDa glucose-regulated protein
diverse range of pathologies including ischemic diseases, CHOP CCAAT/enhancer-binding
neurodegenerative disorders, and metabolic diseases, such protein-homologous protein
as diabetes mellitus. The UPR is also triggered by various =~ AARE Amino acid response element
environmental factors; e.g., pollutants, infectious pathogens, = TRAF2 Tumor necrosis factor
therapeutic drugs, alcohol, physical stress, and malnutrition. receptor-associated factor 2
This review summarizes current knowledge on environmen-  ASK1 Apoptosis signal-regulating kinase 1
tal factors that induce ER stress and describes how the UPR ~ JNK c-Jun N-terminal kinase
is linked to particular pathological states after exposure to ~ PAH Polycyclic aromatic hydrocarbon
environmental triggers. HIV Human immunodeficiency virus
uv Ultraviolet
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(ER) stress - Unfolded protein response (UPR) - Oxidative mTORCI1 Mammalian target of rapamycin complex 1
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ER Endoplasmic reticulum I-NP I-nitropyrene
UPR Unfolded protein response LPS Lipopolysaccharide
ERAD ER-associated degradation NF-«xB Nuclear factor-xB
PERK RNA-dependent protein SubAB Subtilase cytotoxin
kinase-like ER kinase NSAID Non-steroidal anti-inflammatory drug
ATF6 Activating transcription factor 6 CsA Cyclosporine A
IRE1 Inositol-requiring enzyme 1 FK506 Tacrolimus
elF2x Eukaryotic translation initiation factor 2« MAP kinase Mitogen-activated protein kinase
XBP1 X-box binding protein 1 GSH Glutathione
ERSE ER stress response element PDF Peritoneal dialysis fluid
MCP-1 Monocyte chemoattractant protein 1
HIF-1 Hypoxia-inducible factor 1
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bond formation, leading to production of mature proteins.
Various pathophysiological insults lead to accumulation of
unfolded proteins in the ER, namely ER stress. Those in-
clude hypoxia, nutrient deprivation, altered redox balance,
changes in calcium homeostasis, failure of post-translational
modifications, and increase in general protein synthesis [1].
In response to ER stress, cells adapt themselves to the stress
condition via the unfolded protein response (UPR); that is,
attenuation of general translation, induction of ER chaper-
ones, and reinforcement of ER-associated degradation
(ERAD) to eliminate immature proteins. When the stress is
beyond the capacity of the pro-survival capabilities of the
UPR, however, cells undergo apoptosis through the pro-
apoptotic component of the UPR. Consistent with this, ER
stress and the UPR are likely to be involved in a diverse
range of pathological situations including ischemic injury,
viral infection, neurodegenerative disorders, drug-induced
tissue injury and metabolic diseases such as diabetes
mellitus which are associated with cellular stress [1, 2].

Three major transducers are present on the membrane of
the ER for sensing ER stress. These are RNA-dependent
protein kinase-like ER kinase (PERK), activating transcrip-
tion factor 6 (ATF6), and inositol-requiring enzyme 1
(IRE1). Activation of PERK leads to phosphorylation of
eukaryotic translation initiation factor 2« (elF2«), which
causes general inhibition of protein synthesis. In response
to ER stress, p90ATF6 transits to the Golgi where it is
cleaved by the proteases S1P and S2P, yielding a free
cytoplasmic domain (pSOATF6 or ATF6f) that functions as
a transcription factor. Similarly, activated IRE1«, the ubig-
uitously expressed isoform of IREI, catalyzes removal of a
small intron from the mRNA encoding X-box binding pro-
tein 1 (XBP1). This splicing event creates a translational
frameshift in XBP1 mRNA to produce an active transcrip-
tion factor. Active pSOATF6 and XBP1 subsequently bind to
the ER stress response element (ERSE) and the UPR ele-
ment (UPRE) associated with many target genes, leading to
expression of proteins that assist ER-associated folding such
as ER chaperone 78-kDa glucose-regulated protein
(GRP78) and ERAD factors that promote protein removal.
These pathways are generally regarded as pro-survival UPR
pathways [3] (Fig. 1).

During the UPR, however, death signals may also be
transduced [4]. For example, expression of pro-apoptotic
CCAAT/enhancer-binding protein-homologous protein
(CHOP) (also called growth arrest and DNA damage-
inducible protein 153) is generated by binding of ATF4 to
the amino acid response element (AARE) that is activated
by the PERK—elF2x pathway. ER stress also activates
caspase-12 (or caspase-4 in humans), which is localized at
the ER membrane through an interaction with IRE1 and
tumor necrosis factor receptor-associated factor 2 (TRAF2)
, leading cells to undergo apoptosis. The IREI-TRAF2
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interaction also allows for recruitment and activation of
apoptosis signal-regulating kinase 1 (ASK1) and down-
stream c-Jun N-terminal kinase (JNK), both of which are
involved in a variety of pro-apoptotic signaling [4] (Fig. 1).
A common feature of many of the aforementioned dis-
eases is that they have a significant environmental contribu-
tion in their pathogenesis. In this review, I therefore
summarize current knowledge on environmental factors that
trigger the UPR and might then contribute to disease. Those
include pollutants (toxic metals, cigarette smoke, paraquat,
silica nanoparticle, formaldehyde, bis(tri-z-butyltin)oxide,
nitro-polycyclic aromatic hydrocarbon (nitro-PAH)), infec-
tious pathogens (bacteria, virus, and prion), therapeutic
drugs (anti-Inflammatory drugs, immunosuppressants, anti-
cancer agents, antibiotics, human immunodeficiency virus
(HIV) protease inhibitors, psychotropic drugs), alcohol,
physical stress [acidic stress, thermal stress, ultraviolet
(UV) light and X-ray, hypoxia] and malnutrition (glucose,
amino acids, vitamins). This review also describes how the
UPR is linked to particular pathologies under exposure to
individual environmental factors. The current knowledge
described in this article is summarized in Table 1.

Pollutants
Toxic metals

Toxic metals, such as cadmium, mercury and lead, pose
serious risks to human health. Exposure to these metals
causes damage of a variety of organs. One of the most
typical examples is nephrotoxicity. Previous studies have
suggested that the toxic effect of cadmium on renal tubules
is caused by several mechanisms. These include structural
alteration of junctional complexes (disruption of tight and
gap junctions) and cellular death caused by oxidative stress
[5, 6]. In addition to these mechanisms, previous reports
have provided evidence for a pathological role of ER stress
in cadmium-induced apoptosis of renal tubular cells [7, 8].
Specifically, exposure of cultured tubular cells to cadmium
triggered induction of the PERK—elF2«, ATF6 and IRE1
pathways [7]. The induction of ER stress was also observed by
in vivo administration of cadmium into mice, preferentially in
the kidney and liver [9]. We identified that the IRE1 pathway
promoted a pro-apoptotic UPR via phosphorylation of JNK.
In contrast, the PERK—eIF2x pathway was anti-apoptotic and
counteracted the pro-apoptotic process [7].

ER stress is induced not only by cadmium but also by
various other toxic metals including mercury, lead, copper,
nickel, arsenic, and silver [7, 9-13]. This suggests that ER
stress may be a common consequence of metal-induced cell
injury. Of note, induction of ER stress by toxic metals is not
specific to the kidney but is also observed in other tissues
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Fig. 1 The UPR elicited by environmental factors. Environmental
factors such as chemical pollutants, therapeutic drugs, infectious path-
ogens, alcohol, physical stress, and malnutrition cause ER stress. ER
stress is sensed by three major transducers in the ER membrane;
PERK, ATF6, and IRE1. Activation of PERK leads to phosphorylation
of elF2«x that causes general translational inhibition and consequent
attenuation of ER stress. It also causes induction of ATF4, activation of
AARE, and consequent expression of target genes including CHOP. In
response to ER stress, p9OATF6 is transmitted to the Golgi where it is
cleaved by the proteases SIP and S2P, yielding a free cytoplasmic
domain p50ATF6 that functions as a transcription factor. Similarly,

and cell types including placenta, hepatomas, gliomas, as-
trocytes, and endothelial cells [9, 10, 14—16].

Previous studies have shown an involvement of reactive
oxygen species (ROS) in cadmium-induced cell injury [17,
18]. We found that cadmium-induced ER stress was
inhibited by antioxidants. In contrast, suppression of ER
stress did not attenuate cadmium-triggered oxidative stress,
suggesting that ER stress is downstream of the oxidative
stress [19]. In this study, we also observed that O,  was
selectively involved in cadmium-triggered, ER stress-
mediated apoptosis through activation of the ATF6 and
IRE1l pathways. In addition, phosphorylation of JNK by
O, was particularly important for the induction of apopto-
sis [19]. In addition, we recently found that inhibition of
mammalian target of rapamycin complex 1 (mTORCI) at-
tenuated cadmium-induced apoptosis in renal tubular cells.
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activated IRE1 (endoribonuclease activity) catalyzes removal of a
small intron from XBP1 mRNA, resulting in generation of an active
transcription factor. pSOATF6 and XBP1 subsequently bind to ERSE
and UPRE, leading to expression of target genes including ER chap-
erones and ERAD factors. These pathways attenuate ER stress by
promoting protein folding and facilitating degradation of unfolded
proteins. On the other hand, ER stress also triggers cleavage of
procaspase-12 (or procaspase-4 in humans) localized at the ER mem-
brane, leading cells to undergo apoptosis. The IRE1-TRAF2 interac-
tion also allows for recruitment of ASK1 and activation of JNK,
leading to apoptotic cell death

The activation of mTORC1 by ROS contributed to induc-
tion of a selective UPR, specifically the IREla pathway.
Inhibition of mTORCI1 caused suppression of JNK phos-
phorylation without affecting other UPR pathways in
cadmium-exposed cells (our unpublished data). These re-
sults suggest mMTORCI1 mediates cadmium-induced apopto-
sis through selective induction of IRE1 « signaling.
Regarding the mechanisms underlying induction of the
UPR by metals, a direct interaction between ER chaperones
and metals may be important. Chaperones in the ER play
pivotal roles in folding, assembly and post-translational
modification of secretory proteins and also contribute to
the recycling, refolding and degradation of misfolded pro-
teins. Dysfunction of ER chaperones, therefore, causes pro-
tein folding disorders. Recent studies have suggested that
the function of ER chaperones is disturbed by their physical
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Table 1 Environmental factors that induce the unfolded protein response (UPR): target tissue, induced UPR, putative mechanism, and related

pathology
Target tissue Induced UPR Putative mechanism Related pathology
Pollutants
Toxic metals
Cadmium Kidney and liver PERK, ATF6, and IRE1 ROS and chaperone disturbance ~ Nephrotoxicity (tubular injury)
Others Various tissues PERK, ATF6, and IRE1 ROS Nephrotoxicity, etc.

Cigarette smoke
Paraquat
Silica nanoparticle

Formaldehyde

TBTO

Nitro-PAH

Infectious pathogens

Bacteria
LPS

Shiga toxins
Viruses
Prion

Drugs
NSAIDs

Immunosuppressants
Anti-cancer agents
Cisplatin
Proteasome
inhibitors
Imatinib

Antibiotics

HIV protease inhibitors

Psychotropic drugs
Alcohol
Ethanol

Physical stress
Acidic stress
Thermal stress

UV light and X-ray
UVA
UVB and UVC
X-ray

Hypoxic stress
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Lung
Brain

Lung, etc.
Brain (?)
Thymus

Vasculature (?)

Lung, etc.

Colon, kidney, etc.
Various tissues

Brain

Stomach and kidney

Kidney

Tumor and kidney

Malignant cells
Leukemia and heart

Kidney
Liver, etc.

Brain

Liver and pancreas

Heart and brain

Peritoneum
Tumor

Brain

Skin
Skin
Vasculature and

tumor
Brain and heart

Tumor

PERK/CHOP, GRP78
PERK, GRP78/94, and IRE1
GRP78 and IRE1/XBP1

CHOP, GRP78, and
caspase-12
CHOP, GRP78, XBP1, etc.

GRP78

CHOP, GRP78, and
ORP150

PERK, ATF6, and IRE1
PERK, ATF6, and IRE1

GRP58/78/94 and caspase-12

ATF4/CHOP, ATF6, IRE1/
XBP1, and caspase-12
CHOP and GRP78

XBP1 and caspase-12
PERK, ATF6, and IRE1

PERK/elF2a and IRE1/
JNK
GRP78, XBP1, and caspase-12

PERK, ATF6, and IRE1
GRP78/94

CHOP and GRP78/94

IRE1/JNK

elF2a and ATF6/GRP78
IRE1 and caspase-12

elF20/CHOP, GRP78, and
XBP1

PERK, ATF6, and IRE1
PERK, ATF6, and IRE1
elF2a/CHOP and GRP78

PERK, ATF6?, and IRE1

ROS and RNS
ROS and proteasome inhibition

ROS and altered Ca>"
homeostasis
Unknown

ROS

ROS

Protein production?, ROS, and
NO

Degradation of GRP78 (SubAB)
Viral protein production

Altered Ca®" homeostasis

Unknown

Unknown

ROS

Proteasome inhibition
Unknown

Unknown
Unknown
Unknown

Acetaldehyde, homocysteine,
and ROS
Altered Ca>" homeostasis, etc.

Altered Ca®" homeostasis

Unknown

ROS
Unknown
ROS

ROS, NO, protein folding failure
Altered Ca®" homeostasis

COPD
Parkinson’s disease
Inflammation and emphysema

Sick house syndrome (?)

Immunosuppression (thymic
atrophy)

Atherosclerosis

Inflammation and endotoxin-
related
pathology

Colitis and hemolytic uremic
syndrome

Inflammation/tissue injury, and
carcinogenesis

Prion diseases (Scrapie and
Creutzfeldt—Jakob)

Gastric ulcer and nephrotoxicity

Nephrotoxicity

Nephrotoxicity
Malignant cell killing

Cardiomyopathy

Nephrotoxicity (tubular injury)
Metabolic disorders and fatty liver

Alcoholic disorders

Peritoneal dialysis complications
Drug resistance of tumors
Heat stroke

Skin damage (premature aging)
Skin damage (premature aging)

Tumor killing

Ischemia-reperfusion injury

Tumorigenesis
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Table 1 (continued)

Target tissue Induced UPR Putative mechanism Related pathology

Malnutrition
Glucose| - PERK Altered protein glycosylation -
Amino acids| - PERK/elF20/ATF4/CHOP  Unknown -
Vitamins

Thiamine (B1)| Brain elF20/CHOP and GRP78 ROS Wernicke's encephalopathy

Riboflavin (B2)] Liver elF2a and ATF6/GRP78 Oxidative protein folding failure -

Ascorbate (C)| Skin, gum, and liver GRP78/94 Oxidative protein folding failure Scurvy

v-tocotrienol (E) Tumor CHOP, JNK, and p38 Unknown Tumor killing

MAPK

In “Induced UPR,” bold letters indicate UPR branches activated

PERK PKR-like endoplasmic reticulum kinase, A7F6 activating transcription factor 6, /RE! inositol-requiring enzyme 1, ROS reactive oxygen
species, CHOP CCAAT/enhancer-binding protein-homologous protein, GRP glucose-regulated protein, RNS reactive nitrogen species, COPD
chronic obstructive pulmonary disease, XBP! X-box binding protein 1, 7BTO bis(tri-n-butyltin)oxide, PAH polycyclic aromatic hydrocarbon, LPS
lipopolysaccharide, ORP150 150 kDa oxygen-regulated protein, NO nitric oxide, SubAB ABs subtilase cytotoxin, NSA/Ds non-steroidal anti-
inflammatory drugs, e/FF2x eukaryotic translation initiation factor 2, H/V human immunodeficiency virus, JNK c-Jun N-terminal kinase, UV

ultraviolet, p38 MAPK p38 mitogen-activated protein kinase

interaction with metals, which may cause the UPR and ER
stress-related disorders. For example, the “master chaper-
one” GRP78 is located at the hub of signaling pathways in
the complex chaperone network, and toxic metals including
lead, copper and aluminum have the potential to bind to
GRP78 and impair its chaperone function, as recently
reviewed by Tiffany-Castiglioni and Qian [20]. Alternative-
ly, metal-induced ROS may also be involved in the induc-
tion of ER stress. This issue is discussed in detail later.

Cigarette smoke

Chronic obstructive pulmonary disease (COPD) is one of
the most common causes of death in the world, and the
mortality rate continues to increase. Cigarette smoke has
been regarded as the pivotal risk factor for COPD charac-
terized by injury of cellular components in the respiratory
tract. A previous report has suggested that, in mice and
humans with COPD, ER stress is induced in the lungs
[21]. We showed that ER stress plays a crucial role in
cigarette smoke-triggered apoptosis of bronchial epithelial
cells and that CHOP is responsible for the induction of
apoptosis [22]. We also observed that, as in the case of
cadmium-induced ER stress, cigarette smoke extract causes
oxidative stress, which is responsible for the induction of
ER stress and consequent expression of CHOP [22].
Cigarette smoke contains thousands of chemicals in the
aqueous, gas and tar phases [23]. In the gas phase, the smoke
comprises ROS and reactive nitrogen species (RNS) including
O, and NO. The tar phase of cigarette smoke also contains
organic radicals (long-lived semiquinone radicals) that react
with molecular oxygen to form O, , H,O, and OH [23].

These ROS/RNS may directly affect cellular function. On
the other hand, cigarette smoke triggers generation of ROS
in mammalian cells and thereby induces the UPR [22]. We
tested several major constituents of cigarette smoke for the
potential to induce ER stress and found that nicotine, heavy
metals and PAHs were not the responsible factors [24].

Acrolein is a major component of cigarette smoke [25].
Some reports have suggested that acrolein may induce ER
stress in cultured endothelial cells and pulmonary cells in
vitro and in vivo [26, 27]. We tested an effect of this
substance on the expression of ER stress markers in bron-
chial epithelial cells. Northern blot analysis showed that
acrolein (10 uM) induced expression of CHOP, and it was
associated with significant activation of the CHOP gene
promoter [24]. Of note, based on previous data reported by
Smith et al. [28], the concentration of acrolein in the ciga-
rette smoke extract was approximately 5—10 uM.

Paraquat

Paraquat is an organic heterocyclic herbicide widely used
throughout the world. Epidemiological and neuropatholog-
ical studies have shown that chronic exposure to paraquat
increases the risk of Parkinson's disease, a protein folding
disorder [29]. Parkinson’s disease is characterized by loss of
dopaminergic neurons, and paraquat is known to cause
dopaminergic cell death [29]. Previous studies have shown
that paraquat triggers the PERK and IRE1 pathways [30,
31], and a small co-chaperone protein p23 is cleaved during
paraquat-induced cell death [30]. Paraquat also inhibits
proteasomal activity that may further enhance accumulation
of misfolded proteins, resulting in reinforcement of ER
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stress [30]. It is worth noting that paraquat exposure causes
oxidative stress [32]. The induction of ER stress by paraquat
may occur, at least in part, via generation of ROS. Why
dopaminergic neurons are uniquely susceptible to paraquat
is unknown.

Silica nanoparticles

Silica nanoparticles are used in various fields (e.g., chemical
mechanical polishing, and medical applications); whereas,
they are possibly toxic to humans [33]. Induction of oxidative
stress, membrane damage, and disturbed calcium homeostasis
are possible mechanisms underlying this cellular toxicity.
Because oxidative stress and disturbed calcium homeostasis
are triggers of ER stress, silica nanoparticles may induce the
UPR. Indeed, a recent report provided evidence for induction
of ER stress by silica nanoparticles [34]. Using hepatocytes
and fibroblasts, the authors showed that silica nanoparticles
induced expression of GRP78 and splicing of XBP1 mRNA,
in parallel with generation of ROS. This result raises the
possibility that silica nanoparticles cause cell injury via
ROS-dependent induction of ER stress.

Formaldehyde

Formaldehyde is a common environmental pollutant found
in cigarette smoke, household products, exhaust gas, and
many other medical and industrial products. It is a major
pollutant responsible for “sick house syndrome.” Formalde-
hyde possesses neurotoxicity and, after long exposures, it
may cause neurodegenerative disorders. Using PC12 neuro-
blastoma cells, a recent report showed that GRP78 and
CHOP are induced by formaldehyde and that it is associated
with cleavage of procaspase-12 [35]. Although supportive
evidence is limited, toxicity of formaldehyde may be, in
part, ascribed to induction of ER stress.

Bis(tri-n-butyltin)oxide

Bis(tri-n-butyltin)oxide (TBTO) belongs to the class of
organotins and has been widely used as biocide in wood
preservatives and antifouling paints. In rodents exposed to
TBTO, immunosuppression is the most prominent toxicity.
It causes a reduction in thymus size and the number of
thymocytes through induction of apoptosis. The mecha-
nisms underlying the induction of apoptosis are not fully
understood, but recent reports have implicated the involve-
ment of ER stress [36, 37]. Microarray analysis and quanti-
tative RT-PCR has revealed that TBTO up-regulates ER
stress markers such as Herpudl, Atf3, Ddit3, Edem1, Hspa5
(Grp78), Xbpl, and Eif2e in rat thymus [37] and ATF3,
DDIT3 (CHOP), NOXA (PMAIP1), EROILB, and
HERPUDI in human T lymphocytes [36]. It is worthwhile
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noting that TBTO also induces expression of genes involved
in the oxidative stress response.

Nitro-polycyclic aromatic hydrocarbon

Epidemiologic studies provide evidence for a link between
exposure to air pollution and vascular events including pro-
gression of atherosclerotic plaques, altered coagulation and
venous thrombosis. In particular, exposure to environmental
contaminants such as polycyclic aromatic hydrocarbons
(PAHSs) and nitro-PAHs increase the incidence of cardiovascu-
lar diseases. 1-nitropyrene (1-NP) is one of the most abundant
nitro-PAHs in diesel exhaust and a major substance responsi-
ble for the mutagenicity of diesel exhaust. Using human um-
bilical vein endothelial cells, a recent report showed that low
levels of 1-NP-induced DNA damage, generation of ROS and
induction of GRP78 [38]. Inhibition of nitroreductive metab-
olism attenuated these molecular events. These results indicate
that 1-NP may cause DNA damage in vascular endothelial
cells through ROS-mediated induction of the UPR.

Infectious pathogens
Bacteria
Lipopolysaccharide

Lipopolysaccharides (LPSs), also known as lipoglycans, are
large molecules that consist of lipid and polysaccharide.
They are found in the outer membrane of Gram-negative
bacteria, act as endotoxins and elicit strong immune re-
sponses in animals. Previous reports have shown that sys-
temic administration of LPS induces ER stress in the lung,
which is responsible for endotoxin-induced lung injury [39,
40]. However, the induction of ER stress by LPS is not
restricted to the lung but also observed in other organs. We
found that after systemic administration with LPS in mice,
expression of GRP78 is induced in the liver, kidney, spleen,
and heart as well as lung [41]. Only in the brain, induction
of GRP78 was not detectable. These results suggest that
infection with Gram-negative bacteria induce ER stress in
various organs. The molecular mechanisms involved in the
induction of ER stress by LPS have not been fully elucidat-
ed, but protein overload in the ER (overproduction of in-
flammatory proteins), production of NO and/or generation
of ROS may be possible mechanisms [42, 43].

Several previous reports have shown that ER stress has
the potential to induce activation of nuclear factor-xB
(NF-kB), the key regulator of immune and inflammatory
responses. Various ER stress inducers trigger DNA binding
of NF-kB as well as NF-kB-dependent gene expression,
leading to induction of inflammation [44, 45]. The induction
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of ER stress may, in part, contribute to activation of NF-kB
by LPS. However, the role of ER stress in inflammation is
not so simple as previously proposed. We found that when
ER stress is present, activation of NF-kB by inflammatory
stimuli is blunted. For example, expression of NF-«kB-
dependent genes by cytokines is abrogated by pretreatment
with ER stress inducers in vitro [46—48]. Consistent with
these results, preconditioning with ER stress inducers atten-
uates LPS-induced endotoxic lethality and collagen arthritis
in mice [49]. Although ER stress triggers activation of
NF-kB in the early phase, the consequent UPR has the
potential to inhibit NF-kB activation in later phases. Several
molecular mechanisms are postulated for the negative regu-
lation of NF-kB by the UPR [50, 51]. Therefore, ER stress
may play a role not only in the activation of NF-kB but also
in the negative feedback loop of NF-kB activity in LPS-
exposed cells.

Shiga toxins

Shiga toxin-producing bacteria cause outbreaks of bloody
diarrhea, which may progress to life-threatening systemic
complications. Shiga toxins, the main virulence factors,
activate multiple stress signaling pathway including the
UPR [52]. Currently, the mechanisms involved in the induc-
tion of ER stress induced by Shiga toxin are not well
understood, but a previous report has suggested that its
enzymatic activity is required for optimal activation of
PERK and ATF6, but not IRE1 [53].

Subtilase cytotoxin (SubAB), the prototype of a distinct
ABj cytotoxin family, was discovered in a highly virulent
Shiga toxigenic Escherichia coli strain responsible for an
outbreak of hemolytic uremic syndrome [54, 55]. SubAB is
a serine protease that selectively cleaves the master ER
chaperone GRP78 [56]. As a result of this activity, SubAB
is one of the most potent bacterial toxins that selectively
induces ER stress, leading to activation of the three major
branches of the UPR [57]. Indeed, systemic administration
with SubAB triggers the UPR in mice [49]. We found that
SubAB induced activation of NF-kB in the early phase [58],
whereas subsequent activation of the UPR inhibited NF-«xB
in the later phase [48, 49]. The ATF6 pathway may play a
pivotal role in the biphasic, bidirectional regulation of
NF-«B by SubAB [48, 58].

Viruses

Recent studies have suggested the importance of the ER
stress response in viral infection. As a processing plant for
the folding and post-translational modification of proteins,
the ER is an essential organelle for viral replication and
maturation [59]. In the course of productive infection, a
large amount of viral proteins are synthesized in infected

cells, and the consequent accumulation of unfolded or
misfolded proteins activates the UPR. The UPR may also
be elicited directly via interaction of viruses (viral proteins)
and GRP78 (and/or other endogenous UPR constituents)
[59]. A number of previous reports have shown that infec-
tion by a wide range of viruses including hepatitis B virus,
hepatitis C virus, hepatitis D virus, flavivirus, Borna disease
virus, murine leukemia virus and Moloney murine leukemia
virus induce ER stress [60]. The UPR triggered by viral
infection may either protect cells from apoptosis or facilitate
the cells to undergo apoptosis. The latter is involved in
hepatic injury, carcinogenesis and neurodegeneration caused
by viral infection [60].

The UPR induced by viruses, in turn, modulates replication
of viruses positively or negatively. Several studies have
suggested a connection between the UPR and viral replication.
Among the three major UPR branches, the PERK pathway
plays a role in limiting viral replication. Activation of PERK
leads to phosphorylation of elF2«, resulting in shutoff of
protein synthesis and inhibition of viral replication [59].

Prions

Prion diseases are characterized by the accumulation of
misfolded prion protein PrP(Sc) and consequent neuronal
death by apoptosis. Hetz et al. reported that nanomolar
concentrations of purified PrP(Sc) from mouse scrapie
brain-induced apoptosis of neuroblastoma cells. This
PrP(Sc) toxicity was associated with an increase in intracel-
lular calcium released from the ER and induction of ER
stress markers [61]. Activation of caspase-12 was detected
in cells treated with PrP(Sc), and cellular death was
inhibited by functional knockdown of caspase-12. In
scrapie-infected mice, a correlation between caspase-12 ac-
tivation and neuronal loss was observed in histological and
biochemical analyses. The extent of prion replication was
closely correlated with up-regulation of ER stress markers.
Similar results were also observed in humans with sporadic
and variant Creutzfeldt-Jakob disease [61]. These results
suggest a role of the ER stress-related, caspase-12-
dependent pathway in the development of neurodegenera-
tive prion diseases.

Drugs

Nonsteroidal anti-inflammatory drugs

A previous study has shown that several non-steroidal anti-
inflammatory drugs (NSAIDs) including indomethacin,
diclofenac, ibuprofen and celecoxib induce ER stress in gas-

tric mucosal cells [62]. Exposure of cells to indomethacin
induced expression of GRP78 and CHOP, which was
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associated with induction or activation of ATF6, ATF4, and
XBP1. NSAIDs other than indomethacin (e.g., diclofenac,
ibuprofen, and celecoxib) also induced CHOP. Indomethacin
causes apoptosis of gastric mucosal cells, which is suppressed
by a dominant-negative form of CHOP. Apoptosis triggered
by ER stress may thus be involved in the development of
NSAID-induced gastric lesions.

The induction of ER stress by NSAIDs is not specific to
gastric mucosal cells. We found that indomethacin induced
ER stress in murine podocytes [63]. It is known that
NSAIDs cause nephrotoxicity, and ER stress may underlie
the nephrotoxic potential of NSAIDs. Indeed, Lorz et al.
reported that paracetamol (also known as acetaminophen)
induces apoptosis of renal tubular cells and that it can be
correlated with induction of ER stress as evidenced by up-
regulation of CHOP and cleavage of procaspase-12 [64].

Immunosuppressants

Calcineurin inhibitors, cyclosporine A (CsA) and tacrolimus
(FK506), improve allograft survival in organ transplanta-
tion. However, chronic allograft dysfunction caused by the-
se drugs is a major hindrance to long-term graft survival.
Nephrotoxicity of these agents may be one of major factors
responsible for renal allograft dysfunction in the chronic
phase [65]. Justo et al. reported that renal tubular apoptosis
induced by CsA is associated with induction of CHOP [66].
We found that, in cultured renal tubular cells, CsA and
FK506 caused upregulation of endogenous and exogenous
indicators for ER stress. The induction of ER stress by these
agents was shown to be reversible and observed similarly in
other non-immune cells. Systemic administration with CsA
into mice also causes rapid, significant induction of ER
stress in the kidney [67]. Furthermore, Peyrou et al. reported
that ER stress preconditioning was effective in decreasing
the toxicity of CsA in renal tubular cell lines [68]. These
results indicate a role of ER stress in the nephrotoxicity of
calcineurin inhibitors.

Anti-cancer agents

A wide range of anti-cancer agents have the potential to
induce ER stress. One of the most famous examples is
cisplatin. Cisplatin is a chemotherapeutic agent used for
the treatment of various solid tumors. Despite its therapeutic
effectiveness, its nephrotoxic side effects limit its clinical
use. Cisplatin has multiple intracellular effects including
direct cytotoxicity through generation of ROS, activation
of mitogen-activated protein kinases (MAP kinases), and
stimulation of inflammation and fibrogenesis via generation
of cytokines [69]. In renal tubular cells, cisplatin causes
cleavage of procaspase-12, and blockade of caspase-12 ac-
tivation significantly attenuates cisplatin-induced apoptosis
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[70]. Furthermore, ER stress preconditioning is effective in
attenuating of the cisplatin cytotoxicity [68]. After adminis-
tration with cisplatin in rats, activation of the XBP1 pathway
and cleavage of procaspase-12 can be detected in the kidney
[71]. These results suggest that ER stress-triggered activa-
tion of caspase-12 plays a pivotal role in cisplatin-induced
nephrotoxicity. Currently, it is not fully understood how
cisplatin induces ER stress, but ROS are considered as
important mediators for cisplatin-induced tubular injury
[69]. If so, the oxidative stress—ER stress pathway may be
involved in the anti-tumor effect of cisplatin as well as its
nephrotoxic side effects.

Proteasome inhibitors are currently used for the treatment
of cancers [72]. Bortezomib is the first proteasome inhibitor
approved by the US Food and Drug Administration for the
treatment of multiple myeloma and lymphoma. The anti-
cancer mechanisms of bortezomib include up-regulation of
pro-apoptotic proteins, inhibition of NF-kB and its anti-
apoptotic target genes, suppression of anti-apoptotic pro-
teins, and downregulation of proteins involved in DNA
repair [73]. In addition to these mechanisms, induction of
ER stress may also play a role. Inhibition of the ubiquitin-
proteasome pathway is a well-known trigger of ER stress via
suppression of protein degradation and consequent accumu-
lation of unfolded proteins in the ER. ER stress induced by
proteasome inhibitors (bortezomib and next generation in-
hibitors, e.g., carfilzomib and marizomib) should be an
additional important mechanism involved in their anti-
cancer effects in general [73].

Imatinib mesylate (Gleevec) is a small-molecule inhibitor
of the fusion protein Ber-Abl, the causal molecule in chronic
myelogenous leukemia. A previous report documented ten
individuals who developed severe congestive heart failure
during administration with imatinib [74]. Consistent with
these observations in humans, imatinib-treated mice devel-
oped left ventricular contractile dysfunction. In the hearts of
humans and mice treated with imatinib, accumulation of
membrane whorls was observed in the ER, suggesting a
toxic myopathy. With imatinib treatment, cardiomyocytes
in culture exhibited ER stress as evidenced by activation of
the PERK—elF2«x pathway and the IREI-JNK pathway.
Retroviral gene transfer of an imatinib-resistant mutant of
c-Abl alleviated ER stress and rescued cardiomyocytes from
imatinib-induced death [74], indicating a pathological role
of ER stress in imatinib-induced cardiomyopathy.

Antibiotics

Aminoglycosides are powerful bactericidal antibiotics, but
also major nephrotoxic antibiotics that cause renal tubular
injury. The toxicity of aminoglycosides is related to their
interference with the metabolism of anionic phospholipids,
especially phosphoinositides. Jin et al. reported that a
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neomycin analogue geneticin caused cleavage of m-calpain
and procaspase-12 in normal rat kidney cells, indicating
involvement of ER stress [75]. Another report showed that,
after administration with gentamicin in rats, activation of the
XBP1 pathway and cleavage of procaspase-12 were induced
in the kidney [71]. ER stress preconditioning was effective
in attenuating the toxicity of gentamicin in LLC-PK1 cells
[68]. These results suggest that ER stress is involved in
aminoglycoside-induced renal injury.

Chlorhexidine is widely used as an antiseptic agent in
medicine and dentistry. However, it may have a toxic effect
in humans. A recent study showed that chlorhexidine elic-
ited accumulation of proteins in the ER and expression of
GRP78 in fibroblasts [76], leading to apoptotic cell death.

HIV protease inhibitors

Development and clinical use of HIV protease inhibitors
have contributed greatly to the treatment of HIV. These
agents are also used for the treatment of cancers. However,
it is known that their therapeutic effect is accompanied by
metabolic adverse effects including hyperlipidemia, insulin
resistance, central fat accumulation and hepatic steatosis.
Previous studies indicated that HIV protease inhibitors in-
terfered with intracellular key processes regulating glucose
and lipid metabolism in insulin-responsive tissues and that it
was caused by induction of ER stress [77]. Several reports
showed that HIV protease inhibitors including nelfinavir,
ritonavir, lopinavir, and amprenavir elicited ER stress in
normal and malignant cells [78-81]. It was evidenced by
induction of ATF3 and ATF4, expression of GRP78 and
CHOP, and activation of the PERK, ATF6 and IRE1 path-
ways. The induction of ER stress may be causative of their
therapeutic effectiveness as well as their adverse effects on
intact tissues.

Psychotropic drugs

Bipolar disorder is a common mood disorder characterized
by recurrent episodes of mania and depression. Previous
studies have suggested an involvement of ER stress re-
sponses in bipolar disorder. Genetic linkage studies and
microarray analysis indicated that aberrant expression
and/or function of XBP1 and GRP78 may be a risk factor
for bipolar disorder [82, 83].

Valproate, a simple branched-chain fatty acid, has been
used for the treatment of bipolar disorder, but the molecular
mechanisms underlying its therapeutic effect are unclear. A
previous review summarized the regulation of ER stress by
valproate and discussed its possible implications in the thera-
peutic effects [84]. For example, members of the ER stress
protein family (GRP78, GRP94, and calreticulin) are up-
regulated by treatment with valproate. Immunohistochemistry

showed that ER stress proteins were observed to increase in
the frontal and parietal cortex, as well as in the hippocampus
of rat brains following chronic treatment with valproate [84].
Another mood stabilizing drug lithium is also effective in the
treatment of bipolar disorder. Like valproate, lithium induced
expression of GRP78, GRP94, and calreticulin in cerebral
cortical cells after its chronic treatment at therapeutically
relevant concentrations [85]. These mood-stabilizing drugs
could rescue impaired function of XBP1 and ER chaperones
[83, 85]. Physiological levels of the UPR induced by valproate
and lithium may correct abnormal ER stress conditions, lead-
ing to their therapeutic effectiveness in bipolar disorder.

Alcohol

Excessive alcohol consumption induces various pathogenic
stress responses including the UPR [86]. ER stress contrib-
utes to alcoholic disorders in the liver, pancreas, heart, and
brain. Potential mechanisms that trigger alcoholic ER stress
are directly or indirectly related to alcohol metabolism
which is associated with generation of toxic acetaldehyde
and homocysteine, oxidative stress, perturbation of calcium
or iron homeostasis, alteration in the S-adenosylmethionine
to S-adenosylhomocysteine ratio, and abnormal epigenetic
modifications [86].

Using subtractive hybridization to isolate ethanol-
responsive genes, Miles et al. first reported that ethanol in-
duced expression of GRP78 and GRP94 in a concentration-
dependent manner [87]. Another report suggested that ethanol
could increase GRP78 and GRP94 expression by altering ER
calcium levels or glycoprotein trafficking [88].

Acute ethanol loading causes oxidative stress and acti-
vates JNK-mediated proapoptotic signaling in the liver.
Using acute ethanol loading in perfused rats, Nishitani and
Matsumoto reported that activation of JNK by ethanol was
caused by ER stress [89]. Addition of antioxidant is reduced
the activation of JNK, suggesting a link between oxidative
stress and ER stress in ethanol-induced JNK activation and
consequent apoptosis [89].

Acetaldehyde is an electrophilic substance endogenously
produced as a first intermediate in oxidative ethanol metab-
olism. Ethanol impairs the mitochondrial transport of re-
duced glutathione (GSH), resulting in lower mitochondrial
GSH (mGSH) levels. A previous report showed that
acetaldehyde-treated HepG2 cells exhibited cytoplasmic lip-
id droplets and swollen mitochondria [90]. Acetaldehyde
depleted the mGSH pool with spared cytosol GSH levels,
which was caused by enhanced cholesterol deposition. The
acetaldehyde-stimulated increase in mitochondrial choles-
terol was preceded by induction of CHOP and sterol regu-
latory element-binding protein 1. ER stress-inducing agents
mimicked the effect of acetaldehyde [90]. Acetaldehyde is a
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mediator for ER stress-triggered increases in lipid content in
ethanol-exposed hepatocytes.

Physical stress
Acidic stress

Acidosis occurs under various pathophysiological situations
and affects local and systemic cell function. Metabolic aci-
dosis and respiratory acidosis are typical examples of sys-
temic acidosis. An acidic milieu also develops locally as
within ischemic lesions and tumors, and may determine cell
survival and sensitivity to radiation and chemotherapy [91].
Aoyama et al. reported that transient acidosis induced ER
stress and caspase-12-mediated cell death in mouse astro-
cytes. Acidosis increased expression of GRP78, phosphor-
ylation of IRE1 and cleavage of procaspase-12, leading to
activation of caspase-3 [92]. The authors showed that
acidosis-induced ER stress may contribute to delayed cell
death after ischemia.

Local acidosis occurs artificially during peritoneal dialysis.
Peritoneal dialysis fluid (PDF) has several nonphysiological
properties including high glucose and high lactate concentra-
tions, hyperosmolarity and acidic pH (~5.0). Previous reports
have suggested that the parietal peritoneum from patients on
peritoneal dialysis exhibit excessive development of the rough
ER [93]. Another report also showed that rats with recurrent
injections of PDF exhibited expansion of the ER in mesothe-
lial cells [94]. These results suggest the possibility that PDF
may induce ER overload in the mesothelium. Recently, we
found that PDF, but not neutralized PDF, caused ER stress in
the murine peritoneum. In vitro, acidic stress, but not meta-
bolic and osmotic stress, induced ER stress in mesothelial
cells and other cell types [95]. Currently, the molecular mech-
anisms underlying induction of ER stress by acidosis are
unclear. A previous report showed that, in vascular smooth
muscle cells, extracellular low pH induced Ca?" release from
the ER [96]. Because depletion of Ca®" stores in the ER is a
trigger for ER stress, it may be causative of the induction of
ER stress by low pH. Ryanodine receptors might be respon-
sible for the acidosis-triggered Ca”" release from the ER [96].

Bacterial peritonitis is a frequent complication in patients
on peritoneal dialysis. We reported that PDF suppressed
expression of monocyte chemoattractant protein 1 (MCP-
1) in mesothelial cells in vitro and in vivo and that it was
ascribed to suppression of NF-kB [97]. ER stress has the
potential to regulate NF-«kB positively (early phase) or neg-
atively (late phase) [50, 51]. We found that acidic stress
suppressed activation of NF-kB and NF-«kB-dependent
MCP-1 induction in mesothelial cells [95]. This effect was
mimicked by other ER stress inducers, and attenuation of
ER stress reversed the suppressive effects of low pH on
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NF-«kB. Furthermore, PDF and ER stress inducers
suppressed expression of MCP-1 in the peritoneum in
LPS-treated mice [95, 97]. These results indicate a role for
the acidic stress—ER stress pathway in blunted activation of
NF-kB, which may cause perturbations of monocyte recruit-
ment by mesothelial cells and susceptibility to bacterial
peritonitis in peritoneal dialysis patients.

Thermal stress

The ER chaperone GRP78 belongs to the 70 kDa heat shock
protein family. However, GRP78 is not typically induced by
thermal stress. However, some reports have demonstrated
that heat shock may induce ER stress and upregulate GRP78
under particular circumstances. Xu et al. reported that ex-
posure to mild hyperthermia (40 °C) induced ER stress
responses including induction of GRP78, ERP72, DNAJC3,
GADD34, and CHOP mRNAs, splicing of XBP1 mRNA
and phosphorylation of elF2x in mammalian cells [98].
Interestingly, this phenomenon was not observed when the
cells were exposed to 43 °C. Using a rat model, Liu et al.
also demonstrated that thermal stress activated ER stress,
which may inhibit heat shock responses via translational
block [99]. In heat-stressed rats, the UPR (elF2x phosphor-
ylation and XBP1 splicing) occurred mainly in the cerebral
cortex, where the heat shock response was substantially
inhibited. Inhibition of the heat shock response enhanced
heat-induced ER stress and subsequent cell death [99]. The-
se results imply crosstalk between thermal stress and ER
stress.

UV light and X-ray
UvA

UV irradiation is a harmful electromagnetic wave. Because
of the gradual thinning of the earth’s ozone layer, increased
exposure to UV has become a serious problem for human
health. UV is classified into three categories; UVA (wave-
length, 315-400 nm), UVB (280-315 nm), and UVC (200-
280 nm). UVA has the potential to cause damage to the
epidermis and dermis; whereas, UVB affects only the epi-
dermis. UVC hardly reaches human skin, because it is
absorbed by the ozone layer. Because of this, UVA has been
considered as a major factor responsible for photo-induced
damage of the dermis. A recent report showed that UVA
irradiation triggered conversion of p90ATF6 to an active
transcription factor pSOATF6 in normal human dermal fi-
broblasts. UVA also induced IRE1-mediated splicing of
XBP1 mRNA as well as PERK-mediated phosphorylation
of elF2«, leading to activation of ERSE-, UPRE-, and
AARE-responsive targets [100]. Currently, it is not fully
elucidated how UVA induces ER stress. However, UVA
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irradiation causes production of ROS [101]. Generation of
ROS possibly mediates UVA-induced ER stress and con-
tributes to inflammation and premature aging in the skin.

UVB and UVC

Like UVA, UVB may also have the potential to induce ER
stress in keratinocytes. Using HaCaT cells, a recent report
showed that environmental levels of UVB-induced ER stress.
UVB induced nuclear translocation of ATF6 and induction of
the IRE1-XBP1 pathway; whereas, PERK was not activated
[102]. In contrast, another report showed that UVC activated
the PERK—elF2x pathway in COS-1, MCF-7, and HIT cells,
leading to inhibition of protein synthesis [103].

X-rays

X-ray irradiation is used for cancer treatment, but its utility
is often limited because of damage of normal tissues includ-
ing the vascular endothelium. A recent study investigated
the mechanism underlying X-ray-induced endothelial dam-
age and found that 10 Gy induced ~99.9 % loss of cell
viability mainly due to apoptosis [104]. ER stress was
evidenced by induction of GRP78, CHOP, and GADD34
as well as phosphorylation of e[F2x, and attenuation of ER
stress by salubrinal blocked apoptosis by approximately
50 %. Like UVA, X-rays have the potential to trigger ROS
production [105]. The oxidative stress—ER stress pathway
may contribute to the induction of apoptosis by X-ray.

Hypoxic stress

Hypoxia triggers dramatic changes in cellular physiology by
causing cell cycle arrest, a shift in metabolic balance and
expression of proangiogenic factors. Although hypoxia-
inducible factor 1 (HIF-1) controls expression of an array
of hypoxia-regulated genes, HIF-1 activation alone cannot
account for the full repertoire of changes that occur under
hypoxia. Currently, it is well accepted that hypoxia causes
ER stress, which contributes to gene expression, translation-
al suppression and growth arrest that occur under hypoxic
conditions [106]. The mechanisms responsible for the in-
duction of ER stress by hypoxia are not fully elucidated.
However, yeast uses a dedicated machinery of molecular
chaperones and foldases to ensure proper folding of ER
proteins. Foldases, such as protein disulfide isomerase and
Erol, catalyze the formation of disulfide linkages by tran-
siently forming mixed disulfides with their client proteins
and acting as an electron relay system for oxidative folding
[107]. Molecular oxygen is the major electron acceptor at
the end of this relay system, providing the driving force for
protein folding in the ER. A similar mechanism of oxidative
protein folding may exist in mammalian cells, and if so,

accumulation of unfolded proteins in the ER is a natural
consequence of hypoxia [106].

Hypoxia-induced ER stress is involved in the induction
of cell death under hypoxic conditions. For example, re-
duced blood flow results in tissue hypoxia and hypoglyce-
mia, which cause protein misfolding and ER stress.
Reperfusion of the ischemic tissues triggers oxidative stress,
and resultant ROS and NO further enhance ER stress. ROS
and NO may also modify oxidizable residues (cysteines) in
ER-associated Ca®" channels, leading to depletion of Ca**
and consequent protein misfolding. These molecular events
contribute to ischemia—reperfusion injury. Previous reports
have shown that, in brain ischemia, activation of the PERK—
elF2a pathway induced CHOP that played a causal role in
neuronal cell death. NO, a known mediator of brain injury
during stroke, may be involved in this process [108].

In tumors, however, activation of the PERK—elF2«x path-
way may contribute to tumor cell survival. It is known that
development of chronic and fluctuating hypoxic regions results
in malignant progression and tolerance to therapy in tumors.
Hypoxia induces phosphorylation of elF2« via PERK, and
inactivation of either PERK or elF2¢ impairs tumor cell sur-
vival under hypoxia. PERK- or elF2«-inactivated tumors
show slow growth in nude mice and higher levels of apoptosis
in hypoxic areas. The UPR pathway mediated by IRE1 and its
downstream target XBP1 may also be required for hypoxia
tolerance in tumors in vitro and in vivo [109].

Malnutrition

In mammals, plasma concentrations of nutrients decline under
nutritional or pathological conditions, which may cause ER
stress. The most typical examples are glucose and amino acid
starvation. Deficiency in some micronutrients such as vita-
mins may also induce the UPR.

Glucose

Cells respond to glucose limitation by decreasing global
protein synthesis and increasing synthesis of selective pro-
teins that affect cell survival. Induction of the UPR is one of
the mechanisms involved in this process. Glucose limitation
is known to induce the UPR by altering protein glycosyla-
tion in the ER [1]. Glucose deprivation causes activation of
the PERK—eIF2 o pathway, which may contribute to global
translational suppression and induction of some genes in-
cluding CHOP [110].

Amino acids

It is known that amino acids are involved in the control of
some genes including CHOP. Bruhat et al. examined
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molecular mechanisms involved in the regulation of CHOP
upon amino acid limitation. The authors showed that a cis
element, AARE, was essential for amino acid regulation of
the CHOP gene promoter. They also showed that the
CHOP-AARE element was related to C/EBP and ATF/CRE
binding sites and bound ATF2, which was essential for the
transcriptional activation of CHOP induced by amino acid
starvation [111]. On the other hand, Jian et al. reported that
expression of ATF3 was required for the induction of CHOP
by amino acid starvation, and it was mediated by the
PERK—elF2a—ATF4 pathway [112].

Vitamins

Thiamine (vitamin B1) deficiency causes region-selective
neuronal loss in the brain. Wang et al. reported that thiamine
deficiency up-regulated expression of GRP78 and CHOP,
phosphorylation of elF2«x and cleavage of procaspase-12 in
the cerebellum and the thalamus of mice. Treatment of
cultured cerebellar granule neurons with an inhibitor of
thiamine transport caused ER stress and consequent apopto-
sis. It was associated with generation of ROS [113].

Secretory proteins undergo oxidative folding (formation
of disulfide bonds) in the ER before secretion. Oxidative
folding depends on flavoproteins in eukaryotes. Manthey et
al. reported that when HepG2 cells were cultured in ribofla-
vin (vitamin B2)-deficient medium, secretion of apolipopro-
tein B-100 significantly decreased. Nuclear translocation of
ATF6 and consequent expression of GRP78 were induced in
riboflavin-deficient cells. Phosphorylation of e[F2x and down-
stream induction of CHOP also increased in riboflavin-
deficient cells [114].

Ascorbate (vitamin C) is produced in the liver or kidney of
most animals, whereas some species including humans and
guinea pigs are deficient in gulonolactone oxidase, the en-
zyme required for catalizing the last step of ascorbate synthe-
sis. Insufficient intake of vitamin C in these species, therefore,
causes scurvy, a disease characterized by extreme weakness
and various skin and gum abnormalities. It has been suggested
that ascorbate participates in oxidative protein folding in the
ER. Using a ascorbate-deficient model in guinea pigs,
Margittai et al. reported that persistent ascorbate deficiency
led to the UPR (expression of GRP78 and GRP94) and
apoptosis in the liver. The authors suggested that ER stress
may participate in the pathology of scurvy [115].

Tocotrienols are naturally occurring forms of vitamin E
and have the potential to induce apoptosis in a variety of
cancer cells. Park et al. reported that y-tocotrienol increased
the level of ER stress markers in mammary cancer cells.
They also showed that y-tocotrienol activated JNK and p38
MAP kinase, events downstream of IRE1 activation, and
up-regulated death receptor 5 (DR5) and CHOP. Silencing
either JNK or p38 MAP kinase reduced the induction of
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DR5 and CHOP and partially attenuated y-tocotrienol-
induced apoptosis. The authors concluded that up-
regulation of DRS and CHOP by y-tocotrienol was depen-
dent on JNK and p38 MAP kinase activation mediated by
ER stress [116]. The link between apoptosis and ER stress in
y-tocotrienol-treated cancer cells has also been documented
by other investigators [117].

ER stress and environmental factor-triggered
pathologies: an oxidative stress—ER stress axis

As I have described, a wide range of environmental factors
have the potential to induce ER stress. Although underlying
mechanisms are different from factor to factor, a number of
environmental pollutants trigger both ER stress and oxida-
tive stress. Those include toxic metals, cigarette smoke,
paraquat, silica nanoparticle, TBTO and nitro-PAH. LPS,
anticancer agents, alcohol, UV, hypoxia and vitamin defi-
ciency also induce ER stress in parallel with oxidative
stress, as described in this article. Currently, the relationship
between oxidative stress and ER stress has not been fully
elucidated.

Previous reports have shown that ROS is generated in
renal tubular cells in response to cadmium [19, 118-120].
When the cells were treated with antioxidants, induction of
apoptosis by cadmium was attenuated [19, 119]. Haynes et
al. reported that prolonged activation of the UPR results in
oxidative stress and consequently cellular death, indicating
that oxidative stress may be an event downstream of ER
stress [121]. However, accumulating evidence suggests that
activation of the UPR occurs upon exposure to oxidative
stress, and it is an adaptive mechanism to preserve cell
function and survival, as reviewed by Malhotra and Kauf-
man [122]. We found that cadmium-induced ER stress was
attenuated by antioxidants in renal tubular cells. Exposure of
the cells to ROS donors caused ER stress. In contrast,
suppression of ER stress by overexpression of GRP78 or
150 kDa oxygen-regulated protein did not attenuate
cadmium-triggered oxidative stress, suggesting that ER
stress is the event downstream of oxidative stress [19].

The phenomenon described above may be not specific to
the particular cell type and the particular stimulus. We found
that exposure of bronchial epithelial cells to cigarette smoke
caused ER stress and apoptosis, and attenuation of ER stress
by overexpression of ER chaperones significantly suppressed
the apoptotic event. Exposure of the cells to cigarette smoke
caused the generation of ROS, and treatment with antioxidants
also inhibited cigarette smoke-induced apoptosis [22]. As in
cadmium-exposed renal tubular cells, antioxidants blunted the
induction of CHOP in cigarette smoke-exposed bronchial
epithelial cells, suggesting ER stress mediated apoptosis is
downstream of oxidative stress [22].
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As described, ER stress is the crucial event downstream of
oxidative stress in cadmium-induced apoptosis. However,
there is limited information available regarding which ROS
plays the major roles in the induction of ER stress and apo-
ptosis. Using renal tubular epithelial cells, we showed that
exposure to O, , H;O, or ONOO™ induced apoptosis, where-
as ER stress (indicated by expression of GRP78, GRP94, and
CHOP) was caused only by O, and ONOO . Transfection
with manganese superoxide dismutase, the scavenger of O,
significantly attenuated cadmium-induced ER stress and apo-
ptosis, whereas pharmacological inhibition of ONOO ™ was
ineffective. Interestingly, overexpression of catalase attenuat-
ed cadmium-induced apoptosis partially without affecting the
level of ER stress [19]. These results suggest that O, is
selectively involved in cadmium-triggered, ER stress-
mediated apoptosis of renal tubular cells.

Using bronchial epithelial cells, we further investigated the
roles of individual ROS in the induction of CHOP by cigarette
smoke [24]. Exposure of bronchial epithelial cells to O,
ONOO ' or H,0, induced expression of CHOP, whereas, NO
alone did not. Induction of CHOP by cigarette smoke was
attenuated by scavengers for O, , ONOO , or NO, whereas
scavenging H,O, did not affect the induction of CHOP. Cig-
arette smoke, O, - and ONOO -induced phosphorylation of
PERK and elF2«, and dominant-negative inhibition of the
PERK—eIF2x pathway suppressed cigarette smoke-triggered
induction of CHOP and apoptosis [24]. These results suggest
that O, and ONOO are selectively involved in cigarette
smoke-triggered induction of CHOP and that the PERK—
elF2« pathway plays a crucial role in the induction of CHOP
and apoptosis downstream of particular ROS.

How does oxidative stress induce ER stress? Previous
reports showed that oxidative stress causes inhibition of
Ca’"-ATPase [123, 124]. ROS may induce depletion of
calcium stores in the ER via inhibition of Ca”*-ATPase
[125] and thereby cause ER stress. Another possibility is
that ROS might cause ER stress through generation and
accumulation of oxidatively modified, abnormal proteins.
Unfolded proteins might also accumulate in the ER through
ROS-induced functional perturbation of foldases and/or
chaperones in the ER [126].

In general, ROS has the potential to induce ER stress.
The fact that a wide range of environmental pollutants
trigger generation of ROS [127] indicates that the oxidative
stress—ER stress axis is an important mechanism underlying
induction of ER stress by environmental factors.

Conclusions
ER stress and consequent UPR are triggered by various

environmental factors including pollutants, infectious path-
ogens, drugs, alcohol, physical stress and malnutrition. The

ER stress that is induced contributes to the self-defense of
local tissues or induction of tissue injury in ER stress-related
disorders including heavy metal intoxication, cigarette
smoke-related disorders, infectious diseases, ischemic inju-
ry, adverse effects of drugs and alcohol-induced tissue dam-
age. Although the mechanisms underlying the induction of
ER stress are different from factor to factor, a number of
environmental factors trigger the generation of ROS. The
oxidative stress—ER stress axis may be a pivotal mechanism
in the induction of ER stress by environmental factors.
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